In this paper, we identify key drivers and barriers for the adoption of building energy retrofits in Germany, which is promoted by public policy as an important measure to address the future challenges of climate change and energy security. We analyze data from a 2009 survey of more than 400 owner-occupiers of single-family detached, semidetached, and row houses in Germany, that was conducted as a computer-assisted personal interview (CAPI). In the survey, respondents were asked directly for reasons for and against retrofitting their homes, but also faced a choice experiment involving different energy retrofit measures. Overall, both the descriptive and econometric results show that house owners who are able to afford it financially, for whom it is profitable, and for whom there is a favorable opportunity, are more likely to undertake energy retrofit activities. Based on an estimated mixed logit error component model, we also simulate the incentive effects of different policy options, such as public subsidies and energy tax increases.
Introduction
Driven by the high energy demand for electricity, heating, and cooling, the building sector is a major consumer of fossil fuels and a major emitter of greenhouse gases (IEA, 2011) . This holds particularly true for industrialized countries such as Germany, where, for example, almost one third of total energy supply is consumed in residential buildings, primarily for space and water heating. From a purely engineering perspective, the potential to reduce both Germany's fossil fuel use and greenhouse gas emissions by replacing old heating equipment and improving thermal insulation of the existing building stock is considerable. Between 1989 and 2006 less than 30% of all possible energy-efficient renovations were implemented in Germany's residential buildings built between 1900 and 1979 (BMVBS, 2007 . And in spite of the increasing importance of renewable energy sources, almost every second residential heating system in Germany is fueled by natural gas, while approximately another three in ten use fuel oil (BMVBS, 2007) . The German government seeks to exploit this potential in order to achieve its climate protection goals and to secure future energy supply. In addition to regulations that specify energy efficiency requirements for existing buildings being renovated or reconstructed, such as the Energy Savings Ordinance (EnEV), there are public funding programs in place that provide grants and low-interest loans for energy retrofitting activities. However, the political success in terms of raising the retrofit rate has been rather limited so far. This indicates that economic, technical, and behavioral factors influencing retrofit decisions are still not well understood and not properly addressed by current policy design.
In this paper, we analyze data from a 2009 survey of German house owners both descriptively and econometrically. The aim is to learn more about reasons and motivations that encourage house owners to carry out building energy retrofits as well as on barriers against such investments. The survey data include responses to a choice experiment involving energy retrofits for existing houses. We analyze them by using both standard and mixed logit regression of choice outcome on experimental attributes as well as individual and building characteristics. Based on the estimated mixed logit (error component) model, we simulate the incentive effects of different policy options, such as public subsidies for such measures and energy tax increases.
1 This paper, therefore, contributes to the existing literature on preferences on energy-saving measures in residential buildings. An early study by Cameron (1985) using individual household data from the U.S. focused on energy retrofits such as insulation and storm windows. Through simulations based on a fitted nested logit model, she found the demand for retrofits to be responsive to retrofit costs, relative energy prices, and income. More recently, some studies provided empirical evidence for Switzerland (Alberini et al., 2011; Banfi et al., 2008; Jakob, 2007 Jakob, , 2006 . Jakob (2007) undertook a comprehensive analysis of drivers and barriers to retrofit decisions of single-family house owners using survey data. He found that energy-efficient renovations are driven to a large extent by technical (e.g., lifetime of façade or roof) and occasional factors (e.g., building or roof space extensions), rather than income, age, or education. Banfi et al. (2008) conducted a choice experiment with Swiss apartment tenants and house owners in order to study the willingness-to-pay (WTP) for energy-saving measures. In the experiment, respondents could choose between their actual situation and a hypothetical alternative differing in the level of insulation of windows and façade, the presence of a ventilation system, and the price (monthly rent for apartments, purchase price for houses). The obtained WTP estimates are relatively high, but do not differentiate between the various kinds of benefits of the considered energy-saving measures (i.e. cost savings, increases in comfort, and environmental benefits). However, in contrast to our study presented here, Banfi et al. (2008) did not include any socioeconomic variables in their final binary logit model, while the multinomial logit model used by Jakob (2007) lacks detailed information on the renovation alternatives themselves. The study that is most closely related to ours is that by Alberini et al. (2011) , who surveyed Swiss owner-occupiers of single-family, semidetached, and row houses that had not been renovated since 1996. The choice sets used in their choice experiment contained two unlabeled energy retrofit alternatives and the status quo. They found those respondents who expect significant increases in oil prices and those who consider climate change as important reason for doing retrofits to be less likely to opt for the status-quo alternative. Socioeconomic variables, however, had no significant effect on respondents' choices.
Other studies concerning preferences for retrofit measures are available for Canada (Sadler, 2003) , the Netherlands (Poortinga et al., 2003) , South Korea (Kwak et al., 2010) , and Sweden (Nair et al., 2010) . And there are also a few Ger-man studies on this topic, mainly concerned with WTP (Achtnicht, 2011; Grösche and Vance, 2009) . Using both standard and mixed logit specifications, Grösche and Vance (2009) analyzed revealed preference data from a sample of single-family house owners, and estimated the households' WTP per kWh saved. However, the costs and energy savings associated with the respective retrofit measure (i.e. roof insulation, façade insulation, windows replacement, heating equipment replacement, and combinations thereof) had not been directly observed, but rather had to be estimated by the authors. Therefore, engineering calculations as well as information on regional wages and material costs were employed. Achtnicht (2011) was the first to explicitly include environmental benefits of building energy retrofits in terms of CO 2 savings in a choice experiment study. Based on a fitted mixed logit model, he obtained considerable WTP estimates of German house owners for reducing CO 2 emissions. In this paper, we use data from the same survey, but focus on key drivers and barriers for the adoption of energy retrofits. Note that, in addition to the studies involving thermal insulation measures, there is also a related strand of literature that solely focuses on preferences on residential heating systems; see for an overview.
The remainder of the paper is structured as follows: Section 2 describes the survey data (2.1) and gives a brief theoretical background on the discrete choice models used for the analysis (2.2). The empirical results are presented in section 3, with the findings from the descriptive statistical analysis discussed in subsection 3.1, the parameter estimates in subsection 3.2, and the simulation results in subsection 3.3. The final section 4 summarizes and concludes.
Data and methods

Survey design
The data set analyzed in this paper consists of survey responses of more than 400 owner-occupiers of single-family detached, semidetached, and row houses in Germany; 1 it represents a subsample of a representative survey of German house-holds undertaken in June 2009. The survey was carried out by the market research company GfK in two stages: after recruiting individuals with telephone interviews, they were visited at their homes for computer-assisted face-to-face interviews (CAPI method). During the telephone screening, the individuals had been explicitly asked whether they are involved in the household's energy-related decisions, such as the choice of electricity supplier or heating technology. Only those who affirmed such an involvement were finally recruited and interviewed. A summary of the sample statistics is given in Table 1 . The interviews took about fifty to sixty minutes on average, and made use of a structured questionnaire. This contained mostly closed questions about attitudes towards the environment, the household's energy use, housing conditions, and socioeconomic and demographic information.
The centerpiece of the questionnaire was a choice experiment involving building energy retrofits. Respondents could either choose a modern heating system or an improved thermal insulation for their house. Note that neither the concrete energy source for the heating measure nor the part of the house for the insulation measure were specified in the experiment. Instead, respondents were asked to imagine the technology option they would like to have for their home. A fractional factorial design was employed, using the Sawtooth software, so that respondents faced 12 choice sets, each containing two alternatives. Both alternatives were described by seven attributes: acquisition costs; annual energy-saving potential; payback period; CO 2 savings; opinion of an independent energy adviser; public and/or private funding; and period of guarantee 2 ( Table 2 ). The experiment was designed such that acquisition costs, energy-saving potential, and payback period could not be added up to another. While the energy-saving potential was customized and calculated with current energy prices only, the payback period also included a supposed energy price development. 3 For more details on the design of this choice experiment see Achtnicht (2011) .
2 Guarantee in this context means that for the given period of time the builder or contractor is obligated to remedy deficiencies free of charge. In the absence of a time limitation stipulated in the contractual agreement, it is regulated by the German Construction Contract Procedures (GCCP/VOB) that, for example, contractors are liable for defects of heating and insulation systems for at least two years.
3 Respondents were informed about this context by the interviewer at the beginning of the experiment.
In the choice experiment, the basic task for respondents was to opt for their preferred energy retrofit measure. After each choice, the respondents were also asked whether they would actually carry out the chosen measure in their home or not. Importantly, unlike Achtnicht (2011) , we consider these subsequent answers in our analysis, and thereby include a status-quo (or no-choice) alternative. This approach ensures better congruence with consumer theory and real-world choices (e.g., Hoyos, 2010; Hanley et al., 2001; Carson et al., 1994) , and allows for calculating marginal effects of explanatory variables on the probability of undertaking energy retrofits.
Model specifications
To analyze the outcome of the choices econometrically, the use of discrete choice models is required. Such models owe their theoretical grounding in microeconomics especially to McFadden (1974) and his random utility maximization approach. In this framework, a utility U nj provided by an alternative j to a person n is assumed to be
where V nj = V (x nj ) is a deterministic (observed) utility component, depending on attributes of the alternative and demographics of the person x nj , and ε nj is a (unobserved) stochastic component. According to the economic theory of utilitymaximizing behavior, person n chooses that alternative from the alternative set {1, . . . , J} which provides him with the greatest utility. Since utility is modeled as a random variable, however, only choice probabilities can be estimated. Depending on the assumptions made about the distribution of the random variables ε nj (n = 1, . . . , N ; j = 1, . . . , J), different discrete choice models are defined.
In this paper, we use both a standard logit and a mixed logit model for the analysis. In standard logit models, the ε nj are independent and identically distributed with type I extreme value distribution. As we further assume V to be linear in unknown parameters β, the probability that person n chooses alternative i then takes the following closed form (e.g., Train, 2003) :
.
(2) 5 Year of completion Before 1948 Before 22.6 1949 Before -1978 Before 32.8 1979 Before -1986 Before 13.7 1987 Before -1990 Before 7.1 1991 Before -2000 Before 14.2 2001 Before -2009 9.6 6 Heating system e10,000, e20,000, e30,000 Insulation e10,000, e20,000, e30,000, e40,000
Annual energy-saving potential at current energy prices (including fuel and electricity costs related to heating)
Heating system 25%, 50%, 75% of reference a (in e) Insulation 25%, 50%, 75% of reference a (in e)
Payback period (number of years after which the measure will pay off) Period of guarantee Heating system 2 years, 5 years, 10 years Insulation 2 years, 5 years, 10 years a Current annual heating energy costs indicated by the respondent; if respondents did not know or did not state their fuel bill (15.6% of final regression sample), annual costs of e14 per square meter have been reasonably assumed.
Note that in our case there are three alternatives per choice set (J = 3): heating measure (j = 1), insulation measure (j = 2), and status quo or no measure (j = 3). The status quo is used as the base alternative; its deterministic utility V n3 is therefore normalized to zero. The standard logit model is fitted by maximum likelihood estimation using Stata's asclogit command.
In our mixed logit specification, we include an additional error component µ n d j , where µ n is a normally distributed random term with zero mean, and d j a dummy variable that identifies the two retrofit measures (i.e. d j = 1 if j < 3; 0 otherwise). Thereby, we allow the heating and insulation alternative to be correlated in unobserved factors. This relaxes the IIA assumption of standard logit, and thus might represent a more realistic substitution pattern, in particular in the presence of the status-quo alternative (e.g., Hess and Rose, 2009; Campbell et al., 2008; Scarpa et al., 2005) . Under these assumptions the choice probability can be written as the integral of standard logit probabilities over all values of µ, weighted by the density of µ (e.g., Brownstone and Train, 1999) , i.e.
where β and σ are the parameters to be estimated. As this integral cannot be solved analytically, it has to be approximated through simulation during the estimation process. We follow the suggestion by Hole (2007) and use Halton draws with 500 replications for the maximum simulated likelihood estimation using Stata's mixlogit command.
3 Results and discussion
Descriptive results
Before turning to the estimation results, let us first discuss drivers and barriers to energy retrofit measures, as they were identified by respondents in this survey. Respondents were provided with lists of possible reasons why they would or would not consider certain measures for their house, where multiple answers were allowed. The four most frequently stated drivers for investing in energy retrofits were high energy costs (65%), due renovations (46%), increases in comfort (37%), and environmental and climate protection (29%). On the other hand, the absence of need for heating system (65%) or building envelope renovations (62%), the lack of financial resources (59%), and uncertainty about the payback period (51%) constitute important barriers. When asked for their response to high heating energy costs, respondents indicated that they mainly reduce the room temperature (70%) or heating duration (69%). Investing in new heating equipment and improved thermal insulation is far less common. See Tables 3-5 for more details. Overall, the descriptive results suggest that German house owners are willing to install a new heating system or building envelope insulation if the following requirements can be met: (1) one must be able to afford it financially; (2) it must be (perceived as) profitable in terms of energy cost savings and payback period; and (3) there must be a favorable opportunity, such as a heating system to be replaced or a building envelope due for renovation. Otherwise, (simple) behavioral changes in heat energy consumption remain the only response to increasing energy expenses. In order to gain a deeper understanding of what drives people to invest in building energy retrofits, we analyze the experimental choice data econometrically in the next section. All information in percent (N =408) 9 All information in percent (N =408)
Parameter estimation results
By applying both a standard logit and a mixed logit model to the choice data, we identify further factors that influence house owners' decisions. In order to capture (observed) taste heterogeneity we control for a rich set of individual and building characteristics. The final variable specification was determined with the aid of a standard logit model. The estimation results are summarized in Table  6 . 4 Note that interaction terms regarding different energy-saving measures have to be interpreted with reference to the status quo, which is the base alternative and which was chosen in 61.6% of the cases (compared to 22.3% for heating and 16.1% for insulation). Let us first discuss the estimated standard logit model and then comment on differences between this and the additionally estimated mixed logit model. The attributes used in the experiment all enter the choice model significantly with expected signs. We find that higher acquisition costs and longer payback periods have a negative effect on choice probabilities, whereas greater energysaving potential, recommendations made by independent energy advisers, funding, and longer guarantee periods exert a positive influence. In terms of environmental benefits, we find that CO 2 savings enter the model significantly and positively signed for heating systems, but play no role when it comes to insulation (compared to the status quo). This is in line with Achtnicht (2011) who analyzed the same data set, but did not take into account the status-quo alternative. The alternativespecific constants (ASCs) for heating and insulation capture the average effect of all unobserved factors. Their positive signs indicate that non-included factors on average increase the retrofit measure's likelihood of being chosen.
We also find significant income effects on choices. Low-income households are less likely to invest in energy retrofits. Unfortunately, 17% of respondents did not answer the survey question on the household's monthly net income. In order not to lose too many observations, we identify those respondents with a dummy variable and let this interact with the ASCs. Those who did not state their income are also less likely to invest. This finding may suggest that low-income households in particular did not indicate their income, which is partly supported by responses to other closely related questions (e.g., in terms of employment) and by comparing the sample income shares with official income data from 2009. 5 Eastern Germans (excluding citizens of Berlin) seem to be more price-sensitive than western Germans. 6 High acquisition costs thus constitute an even higher barrier for eastern Germans. Having controlled for price sensitivity and income, however, eastern Germans are more likely to change their status quo. This is indicated by the positive and significant interaction terms between the "East" dummy and the ASCs. This result is somewhat surprising, given that, at least in terms of apartment buildings, houses in the east (and the south) of Germany are more energy-efficient as their counterparts in the northwest. 7 On the other hand, taking all residential buildings together, the building stock in eastern Germany is on average older than that in western Germany (Destatis, 2008) . Hence, it remains unclear whether this finding reflects some kind of backlog demand in terms of building retrofits or a general willingness to further invest in energy-efficiency improvements due to already experienced benefits. 8 The respondent's age enters the model significantly. The older the house owner, the lower the likelihood of retrofit activities. We also control for both formal education and particular climate change knowledge. The literature provides evidence that not only formal education (specified by levels, degrees, or number of years), but also informal education can be influential when it comes to environment-related decisions (e.g., Torgler et al., 2009; Torgler and García-Valiñas, 2007; Carlsson and Johansson-Stenman, 2000; Danielson et al., 1995) . In this study, we use the highest school degree obtained to measure a respondent's formal education, and identify those with an academic high school, technical secondary school, college, or university degree with a dummy variable. In order to determine a respondent's climate change knowledge we asked for the most important drivers of climate change. Thereby, respondents were provided with a list of six possible options, including the "don't know" option, and multiple answers were allowed. 9 The associated dummy variable takes the value 1 if both greenhouse gas emissions and rainforest deforestation, but not the ozone hole, were cited as reasons for climate change (24.3%). We find that better educated house owners and those with good knowledge about causes of climate change are more likely to select the insulation alternative. In terms of heating systems no statistically significant differences could be observed.
Besides these demographic and socioeconomic variables, we also include information on the building and its heating system in the model. The results match a priori expectations. Owners of houses that were built after 1990 (24%), or owners who saw no need to improve the thermal insulation (24%), are less likely to invest in energy retrofits. The retrofit of the heating system is even less likely if it is relatively new (33% installed it after the year 2000). If, however, the heating system is oil-fired (42.1%), then a heating retrofit becomes more attractive. This finding is arguably driven by the peak in the oil price in summer 2008, less than one year before the survey was conducted. In general, we find that fuel price expectations play an important role in investing in energy-saving measures. House owners who expect the price of their heating fuel to increase strongly in the next ten years (40.4%) are more willing to change the energy-related status quo of their homes.
Next, we turn to the estimated mixed logit model in order to see how it differs from the estimated standard logit model. First and foremost, we find the error component specification to perform better than the standard logit one; a likelihood-ratio test reveals that the model fit is improved significantly (χ 2 (1) = 1716.79). The relatively large increase in the log likelihood, however, is mainly due to the fact that here, unlike in the standard logit specification, we account for repeated choices per respondent. The error component itself enters the choice model significantly, indicating correlation in the unobserved portion of utility between the two retrofit measures. This leads to increased substitution between the heating and the insulation measure. This means that, for instance, improvements in the heating alternative would attract disproportionately more house owners who previously would have selected the insulation alternative than those who opted for the status quo. In terms of the observed variables, we obtain consistent results here, although the statistical significance of some individual-specific variables is reduced. In addition, it should be noted that the general increase in magnitude of estimated parameters compared to the standard logit model is expected due to the different scale of utility (Brownstone and Train, 1999) .
Overall, the econometric results do support the descriptive findings and put them on a firmer basis. Evidently, house owners who are able to afford it financially (e.g., costs, income), for whom it is profitable (e.g., energy-saving potential, payback period, age), and for whom there is a favorable opportunity (e.g., house age, heating age) are more likely to undertake retrofit activities. In addition, we find that place of residence, education, and specific climate change knowledge also influence retrofit decisions in a significant manner.
Simulation results
The computation of (average) marginal effects is usually a convenient way to summarize regression results and to illustrate the policy relevance of variables. However, a common problem with data from choice experiments is that the observations are based on hypothetical alternatives rather than real-world choice sets. Averages of experimental attribute levels thus do not reflect any meaningful reference point. Nonetheless, it is interesting to see how a small change in a regressor affects the predicted choice probabilities. Therefore, we define a baseline scenario where we use specific values for the experimental attributes, but leave all other variables at their sample values. Starting from this, we compute the effect of a one-unit change in a regressor for each case, holding all other variables equal, and then average the individual effects. For dummy variables, we compute the effect of a discrete change from zero to one. To take account of the correlation in unobserved factors between both retrofit measures, and thereby relax the IIA property of the standard logit model, we use the mixed logit error component specification here. Table 7 presents the results of this simulation in detail.
In our baseline scenario, we consider a hypothetical situation in which both heating and insulation alternatives are equal in cost (e20,000), achieve the same energy-cost (50% of current heating costs) 10 and CO 2 savings (50%), and have the same payback (15 years) and guarantee periods (2 years). Also, we assume that neither funding from private or public sources nor expert recommendations from independent energy advisers are available. Based on the estimated mixed logit model, the status-quo alternative would have by far the highest probability of being chosen in such a situation (58.9%), followed by insulation (27.5%) and heating measures (13.6%). The result that, on average, insulation measures are preferred compared to heating measures could be due to ancillary benefits of insulation, such as maintaining a cool home during summer and increased noise protection (see Jakob, 2006 , for a discussion on the role of co-benefits of thermal insulation measures in retrofit decisions).
In the scenarios 1-5, we consider how outcome probabilities respond to one-unit improvements in selected attributes of both energy-saving measures. Although the status quo remains the dominant choice of house owners in each scenario, statistically significant changes can be observed. These changes can be interpreted as the incentive effects of different policy options, such as public subsidies and energy tax increases. It should be noted, however, that the magnitude of the effects depends on the point of evaluation as well as the scale of the variable of interest. Since the energy-saving potential is measured in e1000 per year, All estimates are statistically significant at the p< 0.01 level.
for example, we consider an increase of only 0.1 units (i.e. e100) in scenario 2. In scenario 1, we see that a e1000 reduction in acquisition costs raises the likelihood of energy retrofits by 0.8 percentage points compared to the baseline. But this, of course, predicts only the isolated, ceteris paribus effect of such a cost reduction. In reality, lower costs imply shorter payback periods that may also be the result of some sort of funding, which further make energy retrofits more likely (see scenarios 3 and 5). Similar considerations apply to higher energycost savings, which, taken by themselves, raise the likelihood of energy retrofits by 0.7 percentage points (scenario 2). Scenario 4 reveals the notable effect that the opinion of an independent energy adviser has upon a house owner's decisionmaking. Compared to the baseline scenario, the choice probability for the statusquo alternative decreases by 2.6 percentage points if we assume that both energysaving measures are recommended by an expert.
Summary and conclusion
In this paper, we identified key drivers and barriers for the adoption of building energy retrofits in Germany, which is promoted by public policy as an important measure to address the future challenges of climate change and energy security. We analyzed data from a 2009 survey of more than 400 owner-occupiers of singlefamily detached, semidetached, and row houses in Germany, that was conducted as a computer-assisted personal interview (CAPI). In the survey, respondents were asked directly for reasons for and against retrofitting their homes, but also faced a choice experiment involving different energy retrofit measures. Overall, both the descriptive and econometric results show that house owners who are able to afford it financially, for whom it is (or who perceive it as) profitable in terms of energy cost savings and payback period, and for whom there is a favorable opportunity, such as a heating system that needs replacement or a building envelope that is due for renovation, are more likely to undertake energy retrofit activities. The latter point seems to be of particular importance in order to explain the persistent low retrofit rate of around 1% in Germany. Our results suggest that most house owners wait until building components are approaching the end of their useful life, before considering options for renovation or replacement (Jakob, 2007, came to a similar conclusion for the Swiss case). Once such an opportunity occurs, they assess whether or not the additional costs for energy efficiency improvements are affordable and profitable. This behavior can be viewed as rational from the house owner's perspective.
Given this, the crucial question now is how to stimulate building energy retrofits, and thereby reduce the energy consumption and CO 2 emissions of existing buildings, in an effective and cost-efficient way. German regulations in force prescribe certain energy-efficiency standards for buildings being renovated or reconstructed. But standards usually fail to meet the cost-efficiency criteria (e.g., Kolstad, 2000; Hahn and Stavins, 1991) , and lack a dynamic incentive for house owners to undertake (cost-efficient) measures beyond the existing energy efficiency standard. We used the estimated model to simulate the incentive effects of other conceivable policy options. Public subsidies or other forms of financial support lower the costs of energy retrofits for individual house owners and thus make them more likely to be chosen. However, free-rider problems generally jeopardize the efficiency of funding measures (see Grösche and Vance, 2009 , for some German evidence). On the other hand, an energy tax increase makes energy retrofits also more beneficial for house owners, but raises issues of distributional justice that must be addressed.
Professional energy advice seems to be a promising option in helping to achieve the aforementioned goals of effectiveness and cost efficiency. The incentive effect of expert recommendations that we found in our stated preference setting was notable in magnitude. Also, from a theoretical economic perspective, it is preferable to have decisions that are based on reliable and accurate information. Imperfect information and transaction costs constitute important barriers to investments in energy-efficient technologies in the real world (e.g., Howarth and Andersson, 1993) , but were abstracted in the choice experiment analyzed here. Increased use of energy advisory services may help to alleviate the problem of imperfect information on the part of consumers. It seems, therefore, recommendable to support independent energy advice by public funding. 11,12 However, an important task for future research will be to confirm its effectiveness and to examine potential free rider issues using real-world field data. 
